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Nonlinear pulse compression mediated by three wave mixing is demonstrated for ultrashort Ti:Sapphire pulses
in a type II phase matched BBO crystal using noncollinear geometry. 170 µJ pulses at 800 nm with a pulse
duration of 74 fs are compressed at their sum frequency to 32 fs with 55 µJ of pulse energy. Experiments
and computer simulations demonstrate the potential of sum frequency pulse compression to match the group
velocities of the interacting waves to crystals which were initially not considered in the context of nonlinear
pulse compression.

Nonlinear pulse compression (NPC) via sum-
frequency (SF) generation, proposed at the start of the
1990s by Wang and Dragila [1] and Stabinis et al. [2], has
found a number of successful experimental applications
for efficient shortening the SF generated pulses [3–5].
The compression mechanism is based on frequency up-
conversion of light pulses in a nonlinear crystal in the
case of strong energy exchange and particular condi-
tions of group-velocity mismatch (GVM). Specifically,
the crystal has to be chosen such that the group ve-
locities of the NIR pump pulses, υ1 and υ2, and of the
sum-frequency generated pulse, υSF , obey the condition
υ1 < υSF < υ2. In case of strong energy exchange and
an appropriate pre-delay between the pump waves, the
leading edge of the faster pump pulse and the trailing
edge of the slower one are depleted. This way the tem-
poral overlap region of the pump pulses remains narrow
resulting in the shortening of the upconverted pulse.

Using a collinear geometry, NPC has been limited to
only a few wavelengths due to the lack of suitable uniax-
ial crystals featuring the appropriate group-velocity mis-
match. In the special case of second harmonic generation,
effective shortening has only been only demonstrated in
Potassium Dihydrogen Phosphate (KDP) crystals which
possess the required GVM for Nd-doped lasers emitting
near 1.06 µm [3–6]. By matching the interacting wave-
lengths to the necessary group-velocity condition, non-
linear pulse compression has been shown by generating
the sum frequency of 1.3 and 1.95 µm waves in a type
II phase-matching β-Barium Borate (BBO) crystal [7].
This crystal has also been used to generate tunable fem-
tosecond pulses within 600-720 nm by mixing pulses from
a Nd:glass laser and tunable pulses from a traveling-wave
OPA [8]. In order to extend NPC to nonlinear crystals
and laser wavelengths which were initially considered in-
applicable, one must control the effective group velocities
of the interacting pulses in the crystal. To this end, one
may adjust the noncollinear phase matching angles and
the pulse-front tilt [9]. By suitably selecting these pa-
rameters, it is possible to simultaneously achieve phase

matching and the required GVM conditions. While tilt-
ing the input pulses found successful applications in the
context of NPC [10,11], the idea of a noncollinear inter-
action [12,13] has not been realised.

In this letter we show that by use of a noncollinear
phase matching geometry, as illustrated in Fig. 1, NPC
can be applied to widely used femtosecond Ti:sapphire
lasers. As an experimental proof we present compression
of sub 100 fs pulses at a 800 nm centre wavelength in
a type II BBO crystal. Two orthogonally polarised and
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Fig. 1: (Colour online) Schematic of a noncollinear phase
matching geometry for SF generation of femtosecond pulses
under appropriate conditions of GVM. The ordinary wave
is sketched black, the extraordinary wave in red and the SF
generated wave in blue. The teal triangles represent angular
dispersive elements.

temporally delayed near-infrared pulses intersect in an
uniaxial crystal. Figure 2(a) shows the noncollinear an-
gles between the ordinary and extraordinary fundamen-
tal wavevectors, ko(ω) and ke(ω), and the SF wavevec-
tor, ke(2ω), for type II phasematching in BBO at 785
nm, ko(ω) + ke(ω) − ke(2ω) = 0. Requiring the pulse
front tilts of the three pulses to be parallel to the SF
imposes the following condition on the transverse com-
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Fig. 2: (Colour online) NPC conditions for femtosecond
pulses centred at 800 nm in a type II BBO as a function of
the crystal cut angle θ. (a) noncollinear angles, (b) angular
dispersions, and (c) group velocities in the frame of refer-
ence of the SF pulse (blue). The ordinary and extraordinary
components are respectively in grey and red.

ponents of the wavevectors:
dko,⊥(ω)

dω =
dke,⊥(ω)

dω = 0
This condition can be satisfied by introducing an angu-
lar dispersion dα/dλ for the ordinary and extraordinary
components. The required angular dispersion is shown
in Fig. 2(b). Note that the pulse front tilt ϕ, the angle
between the pulse front and the phase front, is related
to the angular dispersion by tanϕ = −λ0 dαdλ , where λ0
is the centre wavelength [14]. The resulting group ve-

locities υi =
[

dω
dki,‖(ω)

]−1

are shown relative to that of

the sum frequency in Fig. 2(c). Note that the effective
interaction volumes of this technique are limited to the
region of geometrical overlap of the pump beams which
is not an issue for femtosecond pulses as the interaction
length is in the order of 100 to 400 µm but cannot be
neglected for picosecond pulses.

The experiments were performed in a 250 µm thick
type II phase matching BBO crystal angle tuned for θ =
55◦, by mixing the apertured pulses from the output of
a Ti:sapphire laser providing nearly Fourier transform-
limited pulses with 74 fs duration centred at 785nm and
energies up to 1 mJ at 4 kHz repetition rate. Figure 3
shows the experimental setup. The incoming π-polarised
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Fig. 3: (Colour online) Layout of the nonlinear pulse
compression setup. BS, beamsplitter; TS, translation stage;
HWP, half-wave plate; fi, curved mirrors; SF, sum-frequency
generated wave. The inset shows the beam profile in the crys-
tal plane.

Ti:sapphire pulse was split by a 50:50 beamsplitter (BS).
The reflected part is delayed through a stage (TS) and
passed through a half-wave plate (HWP) which was

placed after the prism. For positive delay the σ-polarised
wave enters first into the crystal. The crystal is oriented
in such a way that the ordinary axis, where the pulse
has a lower group velocity, aligns with the σ-polarised
wave. The equilateral prisms (Thorlabs 853) are made
out of crown glass (F2), introducing a pulse-front tilt of
∼2.6◦ and ∼3◦ at incident angles of 60◦ and 55◦ for the
ordinary and extraordinary arms respectively. We used
protected reflective curved mirrors instead of lenses to
avoid unwanted nonlinear effects. The two pairs of con-
cave mirrors (r=-1500 mm and r=-250 mm) formed a
downsizing telescope providing a lateral magnification of
1/6. The combination of prism and telescope finally in-
duces a pulse-front tilt of ∼16◦ on the π-polarised pulse
and ∼18◦ on the σ-polarised pulse outside the BBO crys-
tal which translates to a pulse-front tilt of ∼9.5◦ and
∼10◦ respectively inside the crystal. Since the NPC dy-
namics are very intensity sensitive, a flat top beam profile
is desired, and a portion of the beam with near-uniform
intensity was selected by placing an iris directly after the
prisms into each beam path. The pulse energy in each
beam was 200 µJ corresponding to a total intensity of
4 TW/cm2 at the entrance of the BBO crystal with an
iris aperture of 2.5 mm. Diffraction rings are not an is-
sue because the telescopes relay the planes of the prisms
onto the crystal as can be seen in the inset of Fig. 3. For
the temporal characterisation of the sum-frequency gen-
erated pulses we used frequency-resolved optical gating
(FROG) [15, 16] based on self-diffraction (SD) in a 100
µm thick sapphire plate.

The retrieved pulse duration at full width at half max-
imum and the energy of the SF pulse as a function of pre-
delay between the pump pulses are reported in Fig. 4.
For pre-delays ranging between -40 fs and 40 fs (approx-
imately half the duration of a fundamental frequency
pulse) moderate pulse compression was observed. A large
to complete superposition of the pump pulses at the be-
ginning, i.e. a long temporal overlap region, leaded to
a strong energy transfer and thus high SF pulse ener-
gies. The overall pump depletion, in contrast to solely
depletion of the edges, reduced the temporal compres-
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Fig. 4: (Colour online) SF pulse energy (brown) and pulse
width (blue) as a function of the pump pulse pre-delay.
Crosses represent experimental data, continuous lines rep-
resent simulation results.
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sion efficiency. In this range the maximum conversion
efficiency of 27% was achieved for a pre-delay of about
∼30 fs between the initial pump pulses. The SF pulse
energy was 108 µJ at this point with a pulse duration
of 40 fs. For pre-delays below -40 fs and exceeding 140 fs
only the tails of the pump pulses overlapped at the start
respectively at the exit of the BBO, which translated in a
very weak interaction. Considerable nonlinear pulse com-
pression was observed for pre-delays ranging between 90-
140 fs, i.e. when the o-ray entered the crystal with more
than one pulse duration in advance of the e-ray. In this
situation the e-ray could completely “catch up” to the
o-ray in the crystal while the strong depletion of the NIR
provided a very short temporal overlap region over the
entire propagation length. The best compression occurs
with a delay of 90 fs, at which 30 fs pulses of 50 µJ energy
are produced.

Figure 5(a) shows the corresponding measured spec-
tra and Fig. 5(b) the retrieved temporal intensities for a
restricted range of pre-delays which is of particular inter-
est. Substantial spectral broadening, see Fig. 5(a), could
be observed for pre-delays ranging between -40 fs and
40 fs.

Fig. 5: (Colour online) (a) Measured sum-frequency gener-
ated spectra and (b) reconstructed temporal intensity as a
function of the pre-delay.

The shortest SF pulse is presented in more detail in
Fig. 6. The measured SD-FROG trace and the FROG
trace of the retrieved pulse can be seen in Fig. 6(a) and
(b). The reconstructed spectrum and the spectral phase
are shown Fig. 6(c). Figure 6(d) finally shows the tem-
poral intensity of the retrieved 32.2 fs (FWHM) pulse
(blue) together with the reconstruction of the initial NIR
74 fs (FWHM) pulse (red). Also shown in Fig. 6(d) is
the reconstructed 67 fs (FWHM) pulse generated by SF
mixing the aforementioned NIR pulse in a 30 µm thin
BBO crystal (dashed line), where no compression was
expected. This pulse was twice as long as the compressed
SF pulse generated in the 250 µm long BBO crystal.

The experimental results have been compared with
computer simulations performed by numerically solving
the set of nonlinear coupled equations for the interact-
ing pulses taking into account both group-velocity mis-
match and group-velocity dispersion effects. A detailed
description of the theoretical model was presented pre-
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Fig. 6: (Colour online) SF pulse. (a) Measured FROG trace,
(b) reconstructed FROG trace, (c) reconstructed spectrum
and spectral phase, and (d) reconstructed temporal intensity
shape of the SF pulse generated in a 250 µm thick (blue) and
in a 30 µm thick (dashed line) BBO crystal and of the initial
NIR pulse (red).

viously by Biegert et al. [13]. Thermal effects, self-phase
modulation and two-photon absorption have been ne-
glected. The wavevectors contain the angular dispersion
and the noncollinear angles calculated for a crystal cut
angle of 55◦. As initial pump pulses we used the full re-
construction of a pulse measured with second harmonic
generation FROG. Figure 4 shows that the numerical
results are in good agreement with the experimental re-
sults. We found that especially long pulse tails can trig-
ger the back-conversion of the ultrashort SF generated
wave to the fundamental wave in an unfavourable way,
resulting in a reduced conversion efficiency and longer
SF pulses compared to perfect Gaussian input pulses.

In conclusion, we have demonstrated efficient nonlin-
ear pulse compression by sum-frequency mixing ultra-
short pulses from a Ti:sapphire amplifier laser using a
noncollinear setup. This is of interest, because there is no
crystal that can be used for nonlinear pulse compression
at wavelengths near 800 nm in a collinear geometry. An
important advantage of the presented scheme, compared
to a collinear three-wave interaction with tilted input
pulses, is that the required energy front tilts are approx-
imately three times smaller and that the sum-frequency
generated pulses emerge untilted.
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